Modeling and evaluation of uncertainties constitute indeed one of the key points when making any decision. For this, designers have to compare the measured or calculated value with a range of permissible values in order to obtain a guaranteed design process. Thus, in this work, simulation of the dynamic behavior of an electromagnetic spindle was done based on the interval computation technique. Indeed, the use of this technique makes it possible to obtain a set of values for different design parameters of the spindle and, consequently, to avoid making several simulations which could make the system useless, expensive or ineffective. The proposed model is based on the combination of Matlab with ModelCenter. Matlab was used to model and simulate the system and ModelCenter to perform parametric studies to verify the influences of uncertainty on the dynamic behavior of the electromagnetic spindle and to determine the optimal design parameters.
Introduction
The preliminary design is upstream of the designing process of a mechatronic system. From the set of requirements, it consists in determining a set of possible solutions in a very large research space, and structured by partial and uncertain knowledge of the future system and its environment. Mechatronic systems (Guizani et al., 2017) face different physical constraints such as vibration and shocks (Makowski and Zalewski, 2015) that are directly related to reliability of the system. Thus, a good preliminary design (Colton and Ouellette, 1994 ) of such a system is required to minimize harmful vibrations. Conventional design methodologies based on a loop "design-simulate-back at the initial stage in case of failure" (Teorey et al., 1986) appear to be increasingly obsolete. During the past years, many studies have been conducted to optimize design (He and McPhee, 2005; Affi et al., 2007) , more precisely at the pre-sizing step (Amendola et al., 2017) . This step is often expensive and requires higher computation times in order to obtain the optimal values of design parameters. In this work, we propose using interval computation (Alefeld and Mayer, 2000; Hansen and Walster, 2003; Trabelsi et al., 2015) to simulate the dynamic behavior of an electromagnetic spindle (Hentati et al., 2013; Bouaziz et al., 2016) . It provides rigorous evaluation that allows designing a mechatronic system while minimizing the number of simulations and, consequently, the calculation time. So, theoretically and using the interval computation, we can obtain the system response by intervals and frame the solution space. However, the current problem is that the evaluation of this method coupled with Newmark and Newton Raphson (Faroughi and Lee, 2015) and (Gościniak and Gdawiec, 2019) to determine the dynamic response has not yet been tested on a scalable example. Therefore, the main objective of this work is to evaluate the effectiveness of the interval simulation method to simulate the dynamic behavior of an electromagnetic spindle by intervals. Then, to determine the optimal design parameters of the spindle. With the uncertainties introduced to some designs parameters, the designer can make a good idea of the variation effects of these variables on the dynamic behavior of the electromagnetic spindle. Furthermore, simulation with intervals can help one to make a good decision about the best values of design parameters.
The paper is organized as follows: after Introduction, Section 2 details the dynamic model of the electromagnetic spindle. Section 3 is dedicated to presentation of the dynamic behavior by intervals as a guaranteed method that can encompass all the solutions. In Section 4, a parametric study is done to some parameters to show that the uncertainty influences the dynamic behavior of the electromagnetic spindle. Section 5 of this paper is devoted to the optimization of the spindle concept. Finally, conclusions are drawn in Section 6. So, in the next parts of this paper, the dynamic behavior of the electromagnetic spindle is studied using the interval computation method. The goal is to obtain a set of solutions for various design variables of the spindle in order to achieve a guaranteed design process. The proposed study is based on the combination of Matlab with ModelCenter. Matlab is used to model and simulate the dynamic behavior of the spindle, and ModelCenter to verify the influences of the uncertainty and to determine the optimal design solutions.
Dynamic behavior of an electromagnetic spindle
In high speed machining, the spindle is considered as the main element of the machining system. In fact, it ensures rotation of the tool/tool holder at high rotation speeds and guarantees the compatibility between the torque and the metal cutting. During recent years, the spindles supported by electromagnetic bearings have become the most commonly used. Indeed, those last are supposed the most efficient to ensure the best performance of the spindle supported without any mechanical contact.
The electromagnetic bearings advantages are: absence of lubrication, high rotational speed, high rigidity, and low vibration. Compared with rolling bearings, Knospe (2007) , Kimman et al. (2010) and Gourc et al. (2011) deduced that the electromagnetic bearings have a long life, a high robustness to shock caused by accidental forces, and a high rotational speed with minimum energy dissipation.
This study is based on the dynamic model of an electromagnetic spindle system (Bouaziz et al., 2016) shown in Fig. 1 . The electromagnetic spindle studied is considered as a mechatronic system that consists of a spindle body (shaft or rotor), two electromagnetic bearings placed at the bottom and at the top, and an axial stop. The global equation of motion is formulated by applying Lagrange's formalism to the kinetic and potential energy expressions of the shaft. It is written as follows (Hentati et al., 2013; Bouaziz et al., 2016) MQ
The displacement vector containing the degrees of freedom of elastic movement and those of rigid motion is expressed by
where M is the mass matrix, G is the gyroscopic matrix, and K is the dynamic stiffness matrix. D is the modal damping matrix, K b (t) and C b (t) are variable matrices containing the coeffi- 
In addition, C F is the centrifugal force, F and R, respectively, designate the two flexible and rigid movements
where α and β are the damping coefficients (Bouaziz et al., 2016)
Shaft modeling approach E and I represent, respectively, Young's modulus and the moment of inertia, K and G, respectively, show the shear coefficient and the shear modulus, A is the section of the element. K and G, respectively, are the shear coefficient and the shear modulus.
Modeling of electromagnetic bearings
The components of the force exerted by the electromagnetic bearings in the x-and y-directions, for a bearing with four electromagnets, can be rewritten as in the following
where e 0 is the nominal airgap
k p and k d present the proportional gain and the derivative gain, successively k p = k 0 + k 1 cos wt + k 2 cos 2wt (2.10) k 0 and k 2 are constants relative to the controller, and w is the angular velocity
Axial thrust force
The axial magnetic abutment is
Predictive model of the cutting force in peripheral milling
The expressions of these three components are as follows
w and Φ p are, respectively, the angular velocity and the angle between two successive edges. a p , K t , K r and K a are, respectively, the axial cutting depth and the specific cutting coefficients The stiffness coefficients and the damping coefficients K ij and C ij for all (i, j) ∈ (x, y) depend on time, so their measured values are determined during simulation in Matlab.
Simulation by interval of the dynamic behavior of the electromagnetic spindle
In this Section, the evaluation of the dynamic behavior of the electromagnetic spindle system is studied with uncertainties. The uncertainties are applied to the values of the design parameters that define the dynamic model of the system. The evaluation of Newmark's method with the Newton Raphson (Faroughi and Lee, 2015) and (Gościniak and Gdawiec, 2019) with uncertainties in real cases provided disappointing results, often divergent. However, the choice of parameters represented by intervals acts on the divergence of the model (Alefeld and Mayer, 2000) and (Trabelsi et al., 2015) . The main advantage is to obtain convergent results, which reflect the efficiency of this method. So, the system of differential equations is solved with the interval simulation method. The uncertainty was introduced in the reference values of the forces of the bearings to determine the behavior of the system by intervals. In this study, the following uncertainties are considered:
• 5% on the derivative gain k d • 2% on the constant relative to the controller k 0 • 5% on the distance between the axial stop and the center of gravity d b • 2% on the diameter of element 1 • 2% on the length of element 1 The calculation has been done in Matlab with the IntLab library. The temporal responses of the spindle are illustrated in Figs. 2 and 3 . Therefore, with the Interval Based Simulation, we determined an envelope which includes a set of performance for the displacement Z of the elastic part, as shown in Fig. 2 . The movement of the tool is periodic with a period equal to the period of rotation.
The curve obtained in Fig. 3 represents the rotational movement θ x of the elastic part of the electromagnetic spindle. According to those two figures, we obtained a similar result to that with fixed values. The obtained solutions are convergent and have the same appearance as the curve calculated with fixed values. Therefore, the good designs of the electromagnetic spindle have an influence on its response in order to minimize vibrations. Therefore, a simulation with uncertainty is necessary to make good sizing of the system. So, relying on this simulation, the designer can determine the solution that can fulfill the constraints imposed in the specifications document, which makes the sizing of the electromagnetic spindle system easier. The objective of this part is to have a complete idea about the variation ranges of different design parameters that affect the dynamic behavior of the spindle.
This study is very useful for limiting the search space of variables that do not have a great influence on the behavior of the system. The curves shown in Fig. 5 represent the maximum displacements (Z and θ x ) of the spindle according to the design parameters (k d , k 0 , d b , L 1 and D 1 ). These curves are obtained thanks to the coupling between the model developed in Matlab and the ModelCenter multi-physics simulation tool (Vu et al., 2016). Fig. 4 , it is noticeable that the displacement Z is maximum when (d b , k 0 ) are maximum, however, it is minimum when (k 0 , k d ) and (D 1 , L 1 ) are maximum.
For rotational movement θ x , it is maximum when d b is between 0.42 mm and 0.53 mm, k 0 is between 4550 and 4850 and k d is between 0.3 and 0.32. It is minimum when (D 1 , L 1 ) are maximum.
Optimization of design variables
In the following, an optimization study is performed according to the parameters k d , k 0 , d b , L 1 and D 1 . The objective of this study is to determine the optimum values in which Z and θ x displacements are minimum. The optimization is carried out using algorithms available in Mo-delCenter libraries, especially a Non-dominated Sorting Genetic Algorithm -NSGA II (Deb et al., 2002) . NSGA II algorithm is adapted for multi-objective nonlinear optimizing problems. Instead of finding the best design, NSGA tries to find a set of best designs (e.g., Pareto set). A design is said to be dominated if there is another design that is superior to the design in all objectives. According to Fig. 5 , we obtained eight optimal solutions. Each point of the Pareto--Front is characterized by the input vector (design parameters to optimize) and the output vector (objective functions to be achieved). After the generation of the Pareto front, the best design solutions are summarized in Table 4 . The values presented in the Pareto-Front of Fig. 5 show that the variation between the different solutions obtained is low, which is due to the fact:
• That the percentages of uncertainties chosen (which reflect the values domain of the design variables k d , k 0 , d b , L 1 and D 1 ) are low, which are between 2% and 5%. • In addition, to get proper functioning of the electromagnetic spindle, the displacements Z and θ x should be small, since our objective is to minimize the vibrations according to the design parameters mentioned before. To choose the best design from the set of found solutions, it suffices to favor certain criteria compared to others. For example, if the priority is given to minimize the displacement Z, the characteristics of the best design are given by d b = 0.301 mm, k 0 = 4463.17, k d = 44.014, L 1 = 38.827 mm and D 1 = 12.876 mm. However, if the priority is given to minimize the rotational movement θ x , the optimal solution in this case is: d b = 0.313 mm, k 0 = 4467.43, k d = 40.897, L 1 = 37.385 mm and D 1 = 12.787 mm.
In order to prove the choice of the optimal values of the design parameters of the electromagnetic spindle for the two selected configuration, we present in Figs. 5 and 6 a comparison of the displacement Z and the rotational movement θ x obtained with the optimal values and that with initial values indicated in Table 3 . So, according to these two figures, the displacement Z and the rotational movement θ x are minimum compared to that plotted with the preliminary values of the parameters d b , k 0 , k d , L 1 and D 1 . 
Conclusion
From the previous study of the electromagnetic spindle system, the validity of interval based simulation to simulate the dynamic behavior with uncertainties has been proved. However, this type of calculation is orientated to solve a linear ordinary system to make dynamic simulations to a time gain which, in particular, influences on the good progress of the preliminary design phase.
The Interval Based Simulation method provides not only a single evaluation of the system behavior but also a set of performance bounds. The simulation results demonstrate that these performance bounds give a better description of the dynamic behavior of electromagnetic spindle system with uncertain parameters.
